ABSTRACT KANESHIRO, TSUNEO (University of California, Davis), AND GUNTER ZWEIG. Effect of diquat (1, 1'-ethylene-2,2'-dipyridylium dibromide) on the photosynthetic growth of Rhodospirillum rubrum. Appl. Microbiol. 13:939-944. 1965.-Diquat (2 X 10-4 M) inhibited both aerobic and anaerobic growth of Rhodospirillum rubrum. With photosynthetic cultures, diquat affected the synthesis of bacteriochlorophyll more readily than cell mass (turbidity). Diquat retarded the synthesis of bacteriochlorophyll and some protein more readily than that of other cellular constituents such as ribonucleic acid, deoxyribonucleic acid, and cell mass. With cells deficient in phosphate, diquat inhibited the uptake-conversion of inorganic phosphate completely only when 3-(3,4-dichlorophenyl) -1, 1'-dimethyl urea and ascorbate were also present.
Dipyridyl compounds in general have low redox potentials (Clark, 1960; Zweig and Avron, 1965) and, therefore, are sensitive indicators of an anaerobic environment (Smith and Hungate, 1958) . Furthermore, dipyridyl compounds are herbicidal (Mees, 1960) and have been found to catalyze photophosphorylation by plant chloroplasts (Jagendorf and Avron, 1958; Davenport, 1963; Zweig, Shavit, and Avron, Biochim. Biophys. Acta, in press ).
This paper describes the effect of diquat (1,1'-ethylene-2, 2'-dipyridylium dibromide) on growth of a photoheterotrophic bacterium, Rhodospirillum rubrum. The alterations in photosynthetic growth were determined by the increase of cellular components: cell mass (turbidity), protein, bacteriochlorophyll, deoxyribonucleic acid (DNA), and ribonucleic acid (RNA). The effect of diquat on the uptake-conversion of exogenous inorganic phosphate was also studied.
MATERIALS AND METHODS
Organism and cultural conditions. A wild strain of R. rubrum received from D. I. Arnon was grown in the synthetic medium of Ormerod, Ormerod, and Gest (1961) with carbon sources from 4 g of DL-malate and 0.5 g of L-glutamate per liter and an additional nitrogen source from 0.5 g of ammonium sulfate per liter. The cultures were grown anaerobically at 30 C with approximately 60 ft-c of incident white light. Since the organism grew slowly under aerobic conditions, 0.5 g of supplemental yeast extract per liter was added to adapt cells to aerobic growth. All aerobic cultures were incubated at room temperature in 125-ml Erlenmeyer flasks on a New Brunswick rotary shaker.
Growth and bacteriochlorophyll. A 5-ml amount of an appropriate cell suspension was incubated for 5 min with repeated agitation in a Thunberg cuvette evacuated to 5 mm of Hg. Growth was measured by determining the increase in turbidity (cell mass) at 680 m,u with a Bausch & Lomb (model 340) spectrophotometer. Bacteriochlorophyll concentration was estimated by the method of Cohen-Bazire, Sistrom, and Stanier (1957) with the use of the peak optical density (OD) at 880 my minus OD at 680 m,.
RNA, DNA, and protein. The cultural suspension was diluted with fresh medium to give an OD at 680 m,u of 0.05 to 0.15, and was placed in tubes (16 by 150 mm) sealed with rubber-lined caps. The cultures were incubated at 30 C in approximately 120 ft-c of light, and were analyzed in triplicates. Cell mass (turbidity) and bacteriochlorophyll were determined by OD measurement as described above. A 0.5-ml sample was saved for the determination of protein by the method of Lowry et al. (1951) .
The culture (15.0 ml) was centrifuged for 20 min at 18,000 X g, and 2.5 ml of 0.5 N HC104 were added to the packed cells. The RNA and DNA were sol ubilized with HC104 by the method of Schneider (1946) after heating at 70 C for 30 min (Schaechter, Maal0e, and Kjeldgaard, 1958) . A 1-ml amount of the perchloric acid-soluble material was used to determine DNA by the diphenylamine colorimetric method of Burton-Dische (Burton, 1956 ). About 0.15 or 0.25 ml was required to determine ribose of RNA by an orcinol colorimetric determination (Ashwell, 1957 Special reagents. 1,1'-Ethylene-2,2'-dipyridylium dibromide (diquat) was obtained from the California Chemical Co. (Richmond, Calif.), and 3-(3,4-dichlorophenyl)-1, 1'-dimethyl urea (DCMU) from DuPont (Wilmington, Del.).
RESULTS
Inhibition of photosynthetic growth. The growth of R. rubrum dependent on light under anaerobic conditions was inhibited at a diquat concentration of 2 X 10-4 M ( Fig. 1 and 2 ). Figure 1 shows that diquat is a bacteriostatic inhibitor that can be washed off the bacterial cells. The washed cells resume growth at the normal rate as indicated by the increase in turbidity (OD at 680 m,u). However, the capacity for bacteriochlorophyll (OD at 880 m,u minus OD at 680 m,u) synthesis showed some irreparable loss during the treatment of cells with diquat and the subsequent washing.
Diquat interrupted the growth of R. rubrum aerobically in light (Fig. 3) When 2 X 10-4 M diquat was added under the same conditions of growth (Fig. 5) , the initial synthesis of RNA, DNA, and cell mass (OD 0 0 -j at 680 m,) showed the same trend as in the control experiment. However, the net synthesis of protein including bacteriochlorophyll remained constant. In an independent experiment with twice the initial cell mass (OD at 680 m, of 0.10), the synthesis of both DNA and protein showed slight increases with time, whereas the bacteriochlorophyll content showed a slight but consistent decrease.
Effect of diquat on phosphate metabolism.
Phosphate-deficient cultures of R. rubrum incorporated and metabolized exogenous inorganic phosphate at a slower rate in the presence of diquat (Table 1) . Diquat was more inhibitory when cultures were preincubated in the dark anaerobically, for both aerobic and anaerobic growth ceased under these conditions. After 30-min illumination, the extractable organic P32 was negligible, indicating further metabolism of p,32 to form insoluble organic p32 compounds. Tables 1 and 2 show that diquat did not inhibit p132 metabolism completely. Only a 45% decrease in pi32 conversion was observed at the 
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* The phosphate-deficient cells (optical density at 680 mnu of 0.10 with no evidence of photosynthetic pigment) of this experiment were "aged" for 3 days and were preincubated for 2 hr. Pill (2.19 X 10' count/min) was reacted with the preincubated mixture for 10 min aerobically. (Table 5) . (1957) found that the specific chlorophyll content of Rhodopseudomonas spheroides, a member of the Athiorhodaceae, varied, depending on the light intensity and the oxygen tension. Sistrom (1963) showed that certain inhibitors, such as amytal and nnonyl hydroxyquinoline-N-oxide, affected growth (turbidity) more than chlorophyll synthesis. Other inhibitors, such as dicumarol, dinitrophenol, and 5-methyl tryptophan, affect chlorophyll synthesis more than growth. Diquat seemed to act with Rhodospirillum rubrum like the latter inhibitors. Furthermore, diquat (2 X 104 M) was found to be a bacteriostatic inhibitor and to inhibit protein synthesis rather than synthesis of other cellular constituents such as RNA. Both aerobic and anaerobic growth of R. rubrum were inhibited by diquat.
Diquat, like methyl viologen (N,N'-dimethyl-4,4'-dipyridylium salt), is a dipyridyl compound with a low redox potential (Eo' of diquat, . This property of dipyridyl compounds makes them potential catalysts for electrontransfer systems (Jagendorf and Avron, 1958; Newton, 1962; Whatley and Grant, 1964) in biological photoreactions. Zweig et al. (in press) showed that diquat inhibits the photoreduction of nicotinamide adenine dinucleotide phosphate by isolated chloroplasts. The cyclic photophosphorylation by plant chloroplasts mediated with phenazine methosulfate was competitively inhibited with diquat aerobically. Photosynthetic bacteria possess a cyclic mechanism of photophosphorylation which can be demonstrated without exogenous phenazine methosulfate (Stanier, 1961; Nozaki, Tagawa, and Arnon, 1963) . However, it appears that diquat inhibited only incompletely the phosphorylations coupled to both photosynthetic (anaerobic, light) and respiratory (aerobic, dark) pathways in R. rubrum.
The inhibitor DCMU has been found to interfere with oxygen evolution (Wessels and Van der Veen, 1956; Zweig, Tamas, and Greenberg, 1963) by plant chloroplasts and Chlorella. In combination with diquat, DCMU inhibits chloroplast photophosphorylation completely under aerobic conditions. With the alga Ankistrodesmus, DCMU alone had no effect on phosphorylation reactions in the dark (Urbach and Simonis, 1964) , but DCMU together with antimycin A or n-heptyl hydroxyquinoline-Noxide intensified the inhibition of photophosphorylations. With R. rubrum, which does not evolve oxygen photosynthetically, DCMU was found to be inhibitory only when ascorbate as well as diquat was present. Further investigations on the interaction of DCMU and diquat are being carried out with bacterial chromatophores.
